Abstract-In this paper, we consider an Unmanned Aerial Vehicle (UAV)-assisted cellular system which consists of multiple UAV base stations (BSs) cooperating the terrestrial BSs. In such a heterogeneous network, for cellular operators, the problem is how to determine the appropriate number, locations, and altitudes of UAV-BSs to improve the system sumrate as well as satisfy the demands of arbitrarily flash crowds on data rates. We propose a data-driven 3D placement of UAV-BSs for providing an effective placement result with a feasible computational cost. The proposed algorithm searches for the appropriate number, location, coverage, and altitude of each UAV-BS in the serving area with the maximized system sumrate in polynomial time so as to guarantee the minimum data rate requirement of UE. The simulation results show that the proposed approach can improve system sumrate in comparison with the case without UAV-BSs.
I. INTRODUCTION
In recent years, Unmanned Aerial Vehicle mounted Base Stations (UAV-BSs) have become a new promising solution for providing temporary communication services to recover the disaster area or to satisfy the sudden demands (hotspots) caused by Flash Crowds, which is commonly referred to as UAV-Assisted Communications [1] [2] . The advantage of using UAV-BSs is the flexible ability to provide dynamic and on-demand communications. The high altitudes of UAV-BSs enables them to effectively establish line-of-sight (LoS) communication links and mitigate signal blockage and shadowing. Accordingly, UAV-BSs become an agile solution to serve ground users arbitrarily distributed in a terrestrial infrastructure-less area. Compared to the deployment of traditional ground base stations (GBSs), deploying UAV-BSs is a cost-effective and energy-efficient solution which can save a significant amount of land cost for the cellular operators.
Due to the characteristics of wireless propagation, there is a relation between the altitude and the optimal coverage of a UAV-BS, which is modeled in [3] . The authors modeled the air-to-ground (ATG) channel with derivations of the probabilities of LoS and non-line-of-sight (NLoS) signals and now their proposed channel model has been widely used in UAV communications. In consideration of the path loss constraint and uniform users in different environments, the optimal altitude, coverage, and location single deployed UAV-BS are discussed in [4] . In addition to the single UAV-BS case, many researchers have focused on the issues of 3D placement of multiple UAV-BSs. A spiral placement algorithm was proposed by [5] and it deployed multiple UAV-BSs with the fixed altitude and transmit power at optimal locations and minimize the number of deployed UAV-BSs to covered all users while considering various user densities. However, this approach only consider the fixed coverage and altitude of UAV-BS for the placement.
Unfortunately, all the above conventional works only considered research issues from the perspectives of users and did not consider the coexistence of ground cellular systems. These related works also did not consider the arbitrary distribution of users for flash-crowd events, such as outdoor concerts, marathons, election campaigns. They only observed the system performance under some traditional stochastic user distribution models, such as uniform, Gaussian, and Poisson Point Process (PPP). Furthermore, most of them did not consider the coexistence of GBSs, the effects of co-channel interference, and the sumrate optimization problem. In practice, there are many challenging open issues for establishing such a UAV-assisted cellular system. In particular, the managing mechanisms of placement, resource allocation, power control, and flight scheduling are the urgent technologies to allow the deployed UAV-BSs to coexist with the terrestrial cellular systems. Such a UAV-assisted cellular system will be one important use case of 5G or beyond 5G networks, which is capable to serve dynamic traffic demands [6] . The effective and efficient technologies of UAV-BS placement/management thereby become popular topics in the communications domain. Hence, we focus on the dynamic placement of UAV-BSs over a terrestrial cellular system while improving the system performance in terms of the sumrate.
In this work, we discuss how to deploy and determine the appropriate altitude and location of each deployed UAV-BS to serve ground user equipments (UEs) in consideration of maximizing the system sumrate. Focusing on the downlink transmission from the GBS to UEs and from the UAV-BSs to their corresponding UEs, we propose a data-driven 3D placement algorithm which solves the considered placement problem efficiently. The proposed method firstly analyzes the distribution and density of ground UEs and then finds the possible candidate placements for clustered UEs. After that, the proposed method re-tunes the candidate altitude, location, and coverage of each UAV-BS in the considered area for maximizing the system sumrate with the optimization constraints on the co-channel interference and the allocated data rate of each UE. The proposed adaptive algorithm can find an appropriate value of k to deploy UAV-BSs with balanced serving loads (or served users). The simulation results indicate that the proposed approach can jointly satisfy the UE demands and provide a higher the system sumrate in comparison with the solution without UAV-BSs.
The balance of this paper is organized as follows. In Section II presents the considered system model, assumptions, and problem statement. Section III introduces the proposed data-driven approach and a breakdown of the algorithms. Simulation results are presented in Section IV. Finally, we make concluding remarks in Section V.
II. SYSTEM MODEL AND PROBLEM DESCRIPTION

A. System Model
As shown in Fig. 1 , we consider a UAV-Assisted cellular system consisting one GBS, G, and a set of UAV-BSs, U = {U 1 , U 2 , . . . , U K }, in an urban scenario, where K is the maximum number of available UAV-BSs. The UAV-Assisted cellular system serves a set of UEs, E = {u 1 , u 2 , . . . , u N }, and the total number of UEs is |E| = N . The UAV-BSs can move in the sky to any position. In this paper, we consider the downlink transmissions. Each UE only uses the resource of one BS (GBS or UAV-BS) at a certain time. We assume that all the UEs are arbitrarily distributed on the ground due to the operation requirements, the terrain limitations, or unpredictable events. The placement decision of UAV-BSs is controlled by the edge controller (or controller) behind the GBS. All the UAV-BS and UEs are equipped with directional antennas to transmit and receive 4G LTE-A signals in the considered environments. We assume that the GBS and each UAV-BS use the same spectrum and provide the same bandwidth B for the down links in the considered system. The GBS are also equipped a mmWave directional antenna array using another dedicated spectrum to provide an additional network volume for the back-haul communication link between the GBS and each UAV-BS.
In our work, we focus on the downlink transmissions, and we introduce the radio propagation models for the downlink transmissions which consists of following three cases: 1) GBS to UAV-BS, 2) UAV-BS to UE, and 3) GBS to UE. We now respectively introduce these cases under the assumption that the appropriate number of deployed UAV-BSs is k, where 1 ≤ k ≤ K.
1) GBS-to-UAV-BS Propagation Model:
In the considered system model, the GBS uses directional mmWave antennas to transmit signals to the UAV-BSs. The UAV-BSs fly at relatively high altitudes, so that the GBS-to-UAV-BS channel will be the simplest path-loss model using LoS links between the GBS and UAV-BSs which propagation in free space. Thus, the received signal power of each UAV-BS U j will be 
where P is the used carrier frequency of the back-haul link, d j,G is the distance between the GBS and U j , and j = 1, 2, . . . , k. According to (1) and the Shannon theorem, the back-haul capacity of a UAV-BS U j can be obtained bŷ
where
is the allocated bandwidth (in Hz) of the mmWave back-haul link for UAV-BS U j , and N 0 is the thermal noise power spectral density.
2) UAV-BS-to-UE Propagation Model:
The second propagation model is used to model the downlink transmission from a UAV-BS to a UE. Such a radio propagation model is well-known as the air-to-ground propagation channel and commonly modeled by considering the LoS and NLoS signals along with their occurrence probabilities separately [7] . We adopt the air-to-ground channel model in [3] , and the probabilities of LoS and NLoS for a UE u i associated with UAV-BS U j are
where h j is the altitude of each UAV-BS U j , a and b are environment variables, r i,j is the horizontal euclidean distance be-
is the horizontal location of UE u i , i = 1, 2, . . . , N , and j = 1, 2, . . . , k. Considering the free space propagation loss, the channel model [3] of the LoS and NLoS links can be written as
where η LoS and η N LoS are the mean additional losses for LoS and NLoS, f c is the carrier frequency of front-haul link, and
is the euclidean distance between u i and U j . According to (3) and (4), and let θ i,j = tan −1 hj ri,j , we can obtain the average ATG channel model between u i and U j and it is denoted as
Let P i,j be the minimum required transmit power for transmitting signal from UAV-BS U j to UE u i , the transmission is successful if the received signal-to-interference-plus-noise ratio (SINR) at a UE is larger than a certain threshold γ th . Thus, SINR expression for a UE u i associated with UAV-BS
where I G is the received interference power from the GBS and
′ is the interference power from the nearby UAV-BSs if UE u i locates in the overlapped coverage, where ψ j,j ′ = 1 if u i locates in the overlapping coverage area of UAV-BSs U j and U j ′ , and
According to the Shannon theorem and (6), the allocated data rate (in bps) of u i associated with U j will be
where B i,j is the allocated bandwidth (in Hz) of down-link connection from UAV-BS U j to a served UE u i . The transmit power allocated to u i of interest can be obtained by
Then, the potential total transmit power of UAV U j for serving its associated UEs can be calculated as
where N j is the number of UEs associated with the UAV-BS U j . According to (7) , the data transmission rate of the UAV-BS U j for serving its associated UEs is
3) GBS-to-UE Propagation Model: For terrestrial wireless channel between points p 1 and p 2 , we consider a standard power law path-loss L p1,p2 = ||p 1 − p 2 || −α with path-loss exponent α > 2. All the terrestrial propagation signals are assumed to experience independent Rayleigh fading. The GBS are assumed to transmit at fixed power P G for terrestrial communications. The received power of UE u i served by the GBS is therefore P G hr
system, the co-channel interference power experienced by a UE can be expressed as
where P j is the transmit power of UAV-BS U j and r i,j is the distance from UE u i to UAV-BS U j . The SINR expression for a user u i that can connect to the GBS is
is the total interference power from the other disassociated UAV-BSs. The achievable data rate (in bps) of a UE associated with the GBS can be calculated as
where B i,G is the allocated bandwidth (in Hz) to u i associate with the GBS. The potential transmission rate (in bps) of the GBS can be obtained by [8] 
where r G is the coverage radius of the GBS, λ G is the UE density of GBS's service coverage, c i,G is the average data rate of a UE associated with the GBS, and N G is the number of UEs which is associated with the GBS.
B. Problem Formulation
We focus on the case of deploying k UAV-BSs in the target area to improve the downlink sumrate of the UAV-assisted cellular system with one GBS. The system model is depicted in Fig. 1 . The considered decision problem of 3d UAV placement can be defined as follows.
Suppose that the notations and assumptions are defined as above, the considered problem is to search for the appropriate placement parameters (x j , y j , h j , r j ) of each UAV-BS U j with the minimized number of UAV-BSs
where two indicator functions δ i,j and δ i,G are defined as
In the considered problem (P1), the maximum coverage of U j , r max (h j ), in constraint (15), is determined by h j , and the relation between the altitude and maximum coverage of a UAV-BS has been discussed in [3] . In constraint (16), the deployed altitude h j of each UAV-BS is only allowed within [h min , h max ] which depends on the limitations of local laws and ability of the UAV. We also consider the demands of the minimum data rate from the cellular operator's aspect, and we define an admin parameter c min for each UAV-BS U j or the GBS G to guarantee the minimum allocated date rate of a UE in constraints (17). Constraint (18) guarantees that the total downlink transmission rate of the links from the GBS and its associated UEs do not exceed the maximum ability of providing data rateĈ G . Constraint (19) is used to make the total downlink transmission rate of the links from UAV-BS U j to its associated UEs do not exceed the maximum allocated data rate of back-haul link on U j according to (2) . Constraint (20) makes each UE only be associated with one UAV-BS or the GBS at a time. The indicator function δ i,j in (21) is used to indicate UE u i is associated with UAV-BS U j if the γ i,j > γ th , where γ th is a given SINR threshold.
III. DATA-DRIVEN 3D PLACEMENT OF UAV-BSS
In this section, we proposed a data-driven placement for improving the sumrate performance of the UAV-assisted cellular system in a more reasonable way, especially for the unpredictable events or flash crowds with arbitrary distributed users. Algorithm 1 shows the pseudo-code of the proposed placement procedures. In addition, we describe the notations/variables in an in-text manner and use some comment texts to help the ease of understanding. The detailed explanations will be presented in following subsections.
A. Initialization
As the considered problem (P1), we can know that the system sumrate mainly depends on
which are determined by the placement of UAV-BSs. It is also similar to user association or load balancing issues of communication systems. The proposed approach uses the spatial information of UEs, UAV-BSs, and the GBS to provide an effective placement of UAV-BSs. Let variable L G = (x G , y G ) record the coordinate of the GBS, a set L E store the locations of UEs, and a set L U save the locations (coordinates) of UAV-BSs. In the system initialization stage, the system computes and store the received power of each UE from the GBS, P (6) and (12); this stage, the interference power cannot be obtained. Instead, the initial association between the GBS to each UE will be determined by the condition γ i,G > γ th , where γ i,G is the SINR without considering the interference. The number of UEs having higher SINR values than γ th is denoted as N temp G . In addition, according to (13) and (17), we can obtain the upper bound of N G by
UEs with the top values of the SINR to associated with the GBS.
After finishing initial association of the GBS, the system can determine the a preliminary number of UAV-BSs for clustering UEs which is obtained by
whereĈ max = max{min{Ĉ j , C j }|j = 1, 2, . . . , k} is the maximum achievable data rate through the back-haul link of each UAV. Note thatĈ j and C j are derived by (2) and (10) in a ideal case without fading and interference.
B. User Association Clustering
In the user association stage, the system makes each UE be associated with a least one UAV-BS in a best-effort manner. For UE u i , γ i,j must be larger than the given threshold γ th so that u i can be associated with UAV-BS U j . In general, the allocated data rate c i and SINR γ i,j of u i increase when the distance r i,j between u i and U j decreases. We consider a variation of weighted assignment problem, Capacitated Clustering Problem (CCP) [11] . The CCP is an N P-complete decision problem and can be defined as follows.
Given a set of N UEs and a set of k UAV-BS (k < N ), let r i,j be the horizontal distance between UE u i and UAV-BS U j (cluster centroid), c i,j be the allocated data rate of UE u i , C j be the back-haul constraint of UAV-BS U j , and then find k disjoint subsets of UEs so that the total horizontal distance value of selected UEs is a minimum and each subset can be assigned to a different UAV-BS whose back-haul constraint is no less than the total horizontal distance value of UEs in the subset. Formally,
where β j indicates whether UAV-BS U j is deployed or not and
According to the problem (P2), we can know that the clustering technologies can be used to deal with the user association problem. Note that r i,j in (P2) represents the cost function for the clustering. We can substitute a customized cost function for r i to obtain a different clustering result. In this stage, we adopt a balanced k-means clustering [9] in our proposed procedure.
C. Re-association and Placement Refinement
After the association stage, the system get k centroid points of the generated clusters. If we treat the horizontal coverage of each UAV-BS mapping to the ground as a ideal circle and directly deploy each UAV-BS to the centroid point of each cluster, the horizontal coverage radius of each UAV-BS will be the horizontal distance from the centroid point to the furthest UE of each cluster. However, the system using such placement will cause a large overlapping coverage area. If the overlapping coverage area becomes higher, it means that the distances between different deployed UAV-BSs become short. Such placement may leads serious co-channel interference between the UAV-BSs. To alleviate the effect of the co-channel interference, the first task of this stage, placement refinement, will be used to refine the 2D location and coverage radius of each UAV-BS. The procedure of the placement refinement solves the minimum covering circle problem [10] in linear time. After obtaining the minimum covering circle of each cluster, the system recognized it as the candidate coverage of each UAV-BS and the center of each minimum covering circle will be the 2D candidate location of each UAV-BS.
The system then compute and record the SINR value of each UE using the information of candidate coverage and 2D candidate location of each UAV-BS. Since the above balanced k-means clustering and refinement does not handle the communications constraints yet, we need to check whether the demand of each clustered UE on data rates can be satisfied in this stage. If not, it means that some UEs are too far away from its associated UAV-BS and the SINR of received signals can not exceed the threshold. In such a case, this kind of UEs may be re-associated with another nearby UAV-BS and then get the satisfied data rate. Hence, the second task of this stage is to check the communications constraints of each UE and re-associate all the unsatisfied UEs.
The last task of this stage is to judge whether the obtained candidate placement is valid by checking the existence of the unsatisfied UEs. If any unsatisfied UEs exist, it means that the obtained candidate placement is invalid and the value of k may be too small to satisfied the UE demand in the considered scenario. The system will thereby do the whole procedure of this stage repeatedly with k = k + 1 until the obtained candidate placement is valid.
IV. SIMULATION RESULTS
The simulation including all compared approaches are implemented in MATLAB R2017b. The simulation program is executed on a Windows 10 server with an Intel(R) Core(TM) i7-7700 CPU @ 3.60GHz and 8GB × 2 memory. We use 100 different artificial datasets as the input spatial information and each dataset contains 600 to 1, 300 UE locations which are arbitrarily distributed over a 1, 200 × 1, 200 m 2 area. We consider the urban scenario and its environmental parameters are (a, b, η LoS , η N LoS ) = (9.61, 0.16, 1, 20) given by [1] . We assume the maximum allowable path-loss of the UAV-BS to the UE link is L max hj ,ri,j = 119 (dB). The other important simulation parameters and predefined constraints are presented in Table I .
The simulation results are depicted in Fig. 2 and Fig. 3 . We choose one of input location data set to show the placement results of the proposed approach in Fig. 2 . Note that the blue triangle is the GBS, black crosses are UAV-BSs, small dots are UEs, and each dashed-circles is the coverage of the corresponding UAV-BS. In this scenario, some very high dense flash crowd events occurs around the following coordinates: (0, 400), (500, 500), (500, 100), and (820, 200). We can see that the proposed approach can provide a placement with small overlapping coverage area. Unlike the conventional kmeans++ which cannot determine the value of k by the algorithm itself, the proposed approach will automatically determine an appropriate initial value of k according to the input spatial information, environmental parameters, and communications constraints. In this way, the system can save a lot of computational costs (time and energy) on checking the impossible value of k.
The result in Fig. 3 indicates that the proposed approach can provide a significantly improved system sumrate comparing with the one without using any UAV-BSs while serving different numbers of UEs. It also shows that the considered systems has a bottleneck of sumrate when more than 1300 UEs locate in the serving area 1, 200×1, 200 m 2 . If N > 1300, the system needs more UAV-BSs to fulfill the minimum data rate requirement of each UE. However, such a situation leads to significant co-channel interference and thus reduce the system sumrate.
V. CONCLUSION
In this paper, we discuss how to deploy multiple UAVBSs for serving arbitrary flash crowds. The proposed datadriven 3D placement algorithm can automatically determine the appropriate number, location, altitude, and coverage of each UAV-BS and then place the UAV-BSs in polynomial time. According to the simulation results, the proposed approach improves the system sumrate as well as guarantees the minimum data rate requirement of each UE effectively.
